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CONVERSION FACTORS AND VERTICAL DATUM

Muitiply By To Obtain
inch per year (in/yr) 25.4 millimeter per year
mile (mi) 1.609 kilometer
foot (ft) 0.3048 meter
foot per second (ft/s) 0.3048 meter per second
foot per day (ft/d) 0.3048 meter per day
foot per year (ft/yr) 0.3048 meter per year
gallon (gal) 3.785 liter
gallon per minute (gal/min) 0.06309 cubic meter per second
gallon per year (gal/yr) 3.785 liter per year
million gallons per day (Mgal/d) 0.04381 cubic meter per second
square mile (mi%) 2.590 square kilometer

Temperature, in degrees Fahrenheit (°F) can be converted to degrees Celsius (°C) by use of the following equation:

°C =5/9 (°F- 32).

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)-a geodetic datum derived from
a general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.
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streamflow is relatively insensitive to changes in this
parameter.

The simulated results were relatively insensitive
to changes in streambed and lakebed leakance.
Decreasing leakance resulted in a larger RMS error in
simulated water levels in the sandstone aquifer
(fig. 16). Increasing the leakance resulted in an
improvement of the RMS error by less than 1 ft. The
flow in the Pensaukee River, the only head-dependent
stream used as a calibration target, was less sensitive to
changes in leakance than to changes in recharge.

The simulated water levels in the sandstone aqui-
fer are sensitive to changes in values of all model
parameters tested. The simulated water levels are most
sensitive to changes in the hydraulic conductivity of the
sandstone aquifer. Simulated water levels are more
sensitive to increases in recharge and vertical leakance
between aquifers than to decreases in these parameters.

Discussion of Modeling Results

Simulating ground-water flow in the sandstone
aquifer provides greater understanding of how changes
in pumping affect ground-water flow and water levels
in the aquifer. Prior to development of the aquifer,
potentiometric heads in the aquifer were above land
surface in the lower Fox River Valley (Weidman and
Schultz, 1915, p. 77). Simulated flow at predevelop-
ment is from southwest to northeast across the central
part of the study area (fig. 11). A ground-water divide
in the sandstone aquifer is simulated in the western part
of the study area where water flows west to the upper
Fox River and the Wolf River and east to Lake Michi-
gan. The highest water levels are simulated in the
southwestern part of the study area, where constant-
head cells constrain water levels near a mapped
ground-water divide, and in the northwest. The effect
of the lower Fox River and Lake Winnebago on water
levels in the sandstone aquifer is minimal because these
areas of constant head in the upper aquifer are isolated
from the sandstone aquifer by the Maquoketa-Sinnipee
confining unit. At the outlet of Lake Winnebago, near
Appleton, Wis., the lower Fox River may affect the
water levels in the sandstone aquifer because the con-
fining unit is absent in this area (pl. 1). Simulated pre-
development water levels in the sandstone aquifer are
approximately 725 and 775 ft in altitude in Green Bay
and the Fox Cities areas, respectively.

By 1957, water levels beneath the lower Fox
River Valley and the city of Fond du Lac declined
because of pumping from the sandstone aquifer. Sev-
eral cones of depression are simulated for 1957 beneath
these areas. The lowest simulated water level in the
cone of depression beneath the city of Green Bay is
290 ft above sea level. At this location, the water level
dropped approximately 440 ft from the predevelop-
ment level as a result of pumping from the sandstone
aquifer in the Green Bay metropolitan area. Two cones
are simulated in the Fox Cities area. A cone beneath
Kaukauna is simulated with a water level of 645 ft in
altitude, which represents a decline of approximately
140 ft from the predevelopment level. The simulated
water level in a cone of depression beneath Menasha is
630 ft in altitude, which represents a decline of approx-
imately 170 ft from the predevelopment level. Pumping
in the Fond du Lac area resulted in a simulated cone of
depression with water levels at 606 ft, which represents
a 200 ft decline from the predevelopment level.

The direction of ground-water flow in the sand-
stone aquifer changed because of the effects of pump-
ing from the aquifer. Flow in 1957 is west to east in the
northern part of the study area, and wells in the lower
Fox River Valley capture much of the flow. Pumping
from the aquifer has induced flow from east to west on
the eastern side of the cone of depression near Green
Bay. Although the ground-water-flow system changed
in the lower Fox River Valley, a ground-water divide in
the western part of the study area is simulated. This
divide extends along the western part of the study area
and separates westerly flow to the Wolf and upper Fox
Rivers from easterly flow toward Green Bay and Lake
Michigan.

After 1957, the city of Green Bay ceased using
the sandstone aquifer for its water supply. Aquifer
water levels recovered near Green Bay (fig. 15). By
1964, the reduction in pumping by the city of Green
Bay was offset by increased pumping from industry
and communities surrounding the city of Green Bay,
and water levels again began to decline (fig. 15). By
1990, simulated water levels beneath the city Green
Bay are approximately 500 ft in altitude, which is
approximately 200 ft higher than in 1957. The simu-
lated center of the cone of depression moved southward
from beneath the city of Green Bay in 1957 to beneath
the area near De Pere (figs. 1 and 12) where the lowest
simulated water level in 1990 is 379 ft in altitude, a 10
ft increase from 1957 water levels.
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Water levels in the Fox Cities area declined
approximately 50 ft from 1957 to 1990. The simulated
1990 cone of depression near Kaukauna is larger than
the 1957 cone of depression because simulated water
levels have declined in the cone from 645 to 523 ft in
altitude, or approximately 120 ft, from the 1957 levels.
The cone of depression near Menasha (figs. 1 and 12)
is not present in 1990 because industrial pumping in the
area has decreased since 1957. Simulated water levels
in the center of the cone of depression near Fond du Lac
in 1990 were approximately 575 ft in altitude, which
represents a 30 ft decline from the 1957 level.

Although water levels changed from 1957 to
1990, the direction of ground-water flow did not
change dramatically because the divide in the sand-
stone aquifer in the western part of the study area in
1957 is present in the 1990 simulation. The flow direc-
tion is west to east in the area west of the lower Fox
River Valley, and east to west in the area east of the
cone of depression in Brown County.

Model Limitations

The ground-water-flow model provides an effi-
cient way to compile hydrogeologic information of the
study area and a framework for site-specific studies.
The model cannot, however, provide detailed informa-
tion about site-specific areas because discretization of
space and time limit the application of the model. The
model cannot accurately simulate the variation of water
levels in areas because the smallest cell size is 1/16 mi>
and the hydrologic properties are assumed to be homo-
geneous within each cell. Furthermore, the hydrologic
properties that were assigned at this scale may not be
supported by field data collected at this scale.

The long-term response of ground-water levels
and flow to changes in pumping rates from the sand-
stone aquifer is simulated. Diurnal changes in water
levels from pumping conditions during the day and
non-pumping conditions during the night or seasonal
changes cannot be simulated because pumping is con-
stant during a stress period and stress periods range
from 3 to 45 years in length.

The model may not accurately simulate water
levels in wells that are not open to the entire thickness
of the sandstone aquifer because wells are assumed to
be open to the entire thickness. In addition, lateral vari-
ation in the hydrologic properties of the aquifers and
confining unit, with the exception of thickness, were

not simulated. The sandstone aquifer was divided into
two zones of differing horizontal hydraulic conductiv-
ity.

The model simulates water levels in the upper
aquifer, but a rigorous evaluation of the accuracy of
these simulated water levels was not performed during
calibration. The heterogeneity of the unconsolidated
deposits was not simulated because the focus of the
study was the underlying sandstone aquifer. Before
using the water levels simulated in the upper aquifer for
planning purposes, the historical simulated water levels
would need to be compared to historical measured
water levels to evaluate the accuracy of the model in
simulating conditions in the upper aquifer.

The southern boundary was simulated with con-
stant heads in the sandstone aquifer. The constant
heads constrain the water levels at the southern bound-
ary and affect water levels near the boundary and the
city of Fond du Lac. Use of simulated water levels in
this area should be interpreted realizing the possible
effects of this constraint.

The solution to the model is not unique in that
any number of reasonable variations in the representa-
tion of the ground-water-flow system used in the model
might produce equally acceptable results. Neverthe-
less, the model is a versatile tool that can be used to
help understand the ground-water-flow system, to sim-
ulate the response of water levels to historical and pro-
jected changes in pumping rates, and to evaluate the
needs for additional information about the ground-
water-flow system that would improve the representa-
tion of the system.

POSSIBLE MODEL REVISIONS AND
ADDITIONAL DATA NEEDS

As with most models, the ground-water-flow
model for northeastern Wisconsin could be improved
with additional collection and interpretation of hydro-
geologic data. As new data become available, the
model could be updated and recalibrated. The follow-
ing is a list of hydrogeologic data collection needs that
would increase the utility of the ground-water-flow
model:

1. The extent and hydrologic properties of the
Magquoketa-Sinnipee confining unit are not well
understood. The vertical hydraulic conductivity
of this unit and its lateral variability need to be
documented. The confining properties of the Sin-
nipee Group near its western extent are not
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known, and the uncertainty about these properties
affects the ability of the model to simulate
recharge to the underlying sandstone aquifer.

2. To accurately simulate the effect of pumping
from the sandstone aquifer on streams and lakes,
the following types of data would have to be col-
lected, interpreted, and input into the model:

(a) the lateral and vertical variation in the hori-
zontal hydraulic conductivity and storage coeffi-
cient of the upper aquifer, which includes both the
unconsolidated and consolidated material;

(b) estimates of streambed and lakebed leakance
based on measurements made in the study area;
and (c) detailed streamflow measurements to
compare to simulated flows.

3. Measurement of water levels in the sandstone
aquifer east of the lower Fox River Valley would
provide important points for further model cali-
bration. Water levels in the sandstone aquifer east
of the lower Fox River Valley are not affected by
surface-water features and could be used to
improve calibration areally.

4. Ground-water withdrawals by industrial and
commercial users could be verified and updated.
These withdrawals are compiled by the USGS
with data provided the Wisconsin Public Services
Commission (PSC). At this time, industrial and
commercial withdrawals are not verified by the
USGS or PSC.

5. Spatial and temporal variations in recharge were
not available for simulating recharge to the
ground-water-flow system. Data collection that
can quantify areal recharge variations within the
study area is needed. Analysis of this data could
include incorporating measurements of precipita-
tion at several sites within the study area with ver-
tical hydraulic conductivity or infiltration
estimates over the study area.

SUMMARY

The study described in this report was initiated
because of concern over declining water levels in the
sandstone aquifer in the lower Fox River Valley
between Lake Winnebago and Green Bay, Wis. Cones
of depression have resulted from pumping from the
aquifer in three areas: the Green Bay Metropolitan, Fox
Cities, and Fond du Lac areas. Most industries and
municipalities in the lower Fox River Valley withdraw

ground water from the sandstone aquifer for their water
supply. The sandstone aquifer consists of sandstones
and carbonates. It is underlain by Precambrian crystal-
line rock that is assumed to be impermeable and over-
lain by the Maquoketa-Sinnipee confining unit in the
eastern part of the study area. Overlying the sandstone
aquifer in the western part of the study area and the
confining unit in the east is the upper aquifer, which
consists of unconsolidated deposits and dolomites. All
units thicken to the east. Major surface-water bodies
are in hydraulic connection with the upper aquifer.

Flow within the upper aquifer is from topograph-
ically high recharge areas to topographically low dis-
charge areas, which commonly contain streams or
lakes. Recharge is from precipitation infiltrating into
the upper aquifer. Ground water in the upper aquifer
discharges to streams, lakes, and wells. Flow in the
sandstone aquifer is from the western part of the study
area (where the aquifer is not overlain by the confining
unit) to the east (where ground water discharges to the
upper aquifer because of upward gradients or directly
discharges to land surface by wells). Flow between the
upper and sandstone aquifers is limited in the eastern
part of the study area by the Maquoketa-Sinnipee con-
fining unit.

Well tests indicate that the Sinnipee Group acts
as a confining unit that hydraulically isolates surface
water from ground water in the sandstone aquifer.
Water in the sandstone and Sinnipee Group—dated by
use of tritium analysis—is more than 30 years old,
which indicates that this water was not recently
recharged. The results of an aquifer test where water
was pumped from the sandstone aquifer in a well near
Fond du Lac, Wis., indicate the Sinnipee Group acts as
a confining unit because water levels in the upper aqui-
fer above the Sinnipee Group did not respond to pump-
ing.

The USGS three-dimensional finite-difference
ground-water-flow code MODFLOW was used to
develop a model that could be used to improve the
understanding of the hydrogeology of the sandstone
aquifer. The model also can be used as a tool to simu-
late contributing areas of wells and the response of
water levels to projected pumping of the sandstone
aquifer.

The extent of the model area was chosen to
include the pumping centers of Green Bay in the north,
Fond du Lac in the south, and the upper Fox and Wolf
Rivers in the west. The eastern boundary was chosen to
be sufficiently east of the pumping centers so that the
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effects of pumping would be minimal at this boundary.
The upper model layer represents the upper aquifer and
the lower model layer represents the sandstone aquifer.
Streams and lakes were simulated as constant-head cell
and head-dependent cells in the upper aquifer. A con-
stant hydraulic conductivity of 3 ft/d was used to simu-
late the hydraulic property of the upper aquifer.
Boundary conditions in the upper aquifer are head-
dependent, constant head or no flow depending on
whether a stream or lake intersects the grid at the
boundary. Head-dependent conditions are found only
where surface-water bodies are present and are not
underlain by the confining unit.

The sandstone aquifer is simulated with two
hydraulic conductivities, 1.5 and 3.0 ft/d; the higher
hydraulic conductivity is used in the western part of the
model area. Boundary conditions are no-flow except
along the southern boundary where constant heads are
assigned.

Flow in the confining unit is not simulated.
Instead, vertical flow between the upper and sandstone
aquifers is simulated by use of vertical conductance,
which is proportional to the leakance or the quotient of
vertical hydraulic conductivity (0.000035 ft/d) of the
confining unit divided by the thickness of the confining
unit. Where the confining unit is absent, a leakance
value of 0.0015 d™! was assigned.

A recharge rate of 0.7 in/yr was applied to the
water table and remained constant over time and space.
The time period for the simulation was divided into
eight pumping stress periods to simulate development
of the sandstone aquifer over time.

The ground-water-flow model was calibrated to
measured water levels in the sandstone aquifer approx-
imately at predevelopment, 1957, and 1990. The simu-
lated water-level contours compare well with measured
water level contours. Simulated water levels show
trends in water levels over time that are similar to
trends in hydrographs of measured water levels. Simu-
lated flow to streams was within the range of base flow
calculated for selected streams. Simulated water levels
in the sandstone aquifer are most sensitive to changes
in the hydraulic conductivity of the sandstone aquifer.

Most 1990 simulated flow into the sandstone
aquifer originates from the upper aquifer. Flow out of
the sandstone aquifer is primarily upward flow to the
upper aquifer and discharge to wells.

The flow system in the sandstone aquifer has
changed over time from flowing west to east or north-
east to flowing from west to the cone of depression in

the sandstone aquifer underlying the lower Fox River
Valley. A ground-water divide, present in the western
part of the study area, was simulated from predevelop-
ment to 1990. Water levels in the Green Bay area and
Fox Cities area have declined approximately 430 and
200 ft, respectively, from predevelopment to 1990.
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